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Voltage-gated Kv7 (KCNQ) channels are voltage-dependent potassium channels that are activated at resting membrane potentials and
therefore provide a powerful brake on neuronal excitability. Genetic or experience-dependent reduction of KCNQ2/3 channel activity is
linked with disorders that are characterized by neuronal hyperexcitability, such as epilepsy and tinnitus. Retigabine, a small molecule
that activates KCNQ2–5 channels by shifting their voltage-dependent opening to more negative voltages, is an US Food and Drug
Administration (FDA) approved anti-epileptic drug. However, recently identified side effects have limited its clinical use. As a result, the
development of improved KCNQ2/3 channel activators is crucial for the treatment of hyperexcitability-related disorders. By incorporat-
ing a fluorine substituent in the 3-position of the tri-aminophenyl ring of retigabine, we synthesized a small-molecule activator (SF0034)
with novel properties. Heterologous expression of KCNQ2/3 channels in HEK293T cells showed that SF0034 was five times more potent
than retigabine at shifting the voltage dependence of KCNQ2/3 channels to more negative voltages. Moreover, unlike retigabine, SF0034
did not shift the voltage dependence of either KCNQ4 or KCNQ5 homomeric channels. Conditional deletion of Kcnq2 from cerebral
cortical pyramidal neurons showed that SF0034 requires the expression of KCNQ2/3 channels for reducing the excitability of CA1
hippocampal neurons. Behavioral studies demonstrated that SF0034 was a more potent and less toxic anticonvulsant than retigabine in
rodents. Furthermore, SF0034 prevented the development of tinnitus in mice. We propose that SF0034 provides, not only a powerful tool
for investigating ion channel properties, but, most importantly, it provides a clinical candidate for treating epilepsy and preventing
tinnitus.
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Introduction
Voltage-gated potassium channels are essential regulators of neu-
ronal excitability (Bean, 2007). Especially, potassium channels
that are open at potentials close to the resting membrane poten-
tial, such as the M-channel, provide a powerful brake to neuronal

excitability. In 1980, Brown and Adams discovered a slowly acti-
vating voltage-gated potassium current that was blocked by mus-
carinic G-protein-coupled receptors in sympathetic neurons,
which they named the M-current. The M-current has now been
described throughout the central and the peripheral nervous sys-
tem. In 1998, the channel subunits that underlie the M-current
were identified as members of the voltage-gated Kv7 (KCNQ)
potassium channel family (Jentsch, 2000). The KCNQ family
comprises five members (KCNQ1–5), with KCNQ2/3 hetero-
mers underlying the classical M-current (Wang et al., 1998, but
see Wickenden et al., 2001 and Schroeder et al., 2000). The
unique importance of KCNQ2/3 channels in maintaining normal
levels of excitability is illustrated by the finding that genetic or
experience-dependent reductions in KCNQ2/3 channel activity
are linked to brain disorders associated with neuronal hyperex-
citability, such as epilepsy and tinnitus (Singh et al., 1998; Singh
et al., 2003; Li et al., 2013).

Further highlighting the significance of KCNQ channels in
controlling neuronal excitability, retigabine, which is an acti-
vator of KCNQ2–5 channels, has recently been approved by
the FDA as an add-on for the treatment for certain forms of
epilepsy (Tatulian et al., 2001; Gunthorpe et al., 2012). Retiga-
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bine exerts its effect by shifting the voltage dependence of KCNQ
channels to more hyperpolarized potentials (Tatulian et al., 2001)
and therefore increases KCNQ2–5 channel activity both at resting
membrane potentials and after a train of action potentials. Such
increased KCNQ channel activity prevents excessive firing that is
typically associated with seizures, as well as increased spontaneous
firing that can trigger tinnitus (Gunthorpe et al., 2012; Li et al., 2013).

Despite its beneficial effects, retigabine causes adverse retinal
abnormalities, skin discoloration, as well as urinary retention
(Jankovic and Ilickovic, 2013). As a result, these unwanted effects
have limited its clinical use. The current hypothesis is that some
of the reported adverse effects are due to the poor selectivity of
retigabine among KCNQ2–5 channels. For example, KCNQ4
and KCNQ5 channels, which usually do not participate in the
M-current-mediated epileptic pathology, are expressed in
smooth muscle and are important for regulating contractility. In
particular, enhancement of their activity leads to membrane hy-
perpolarization and resultant reduction in contractile response
(Jentsch, 2000; Greenwood and Ohya, 2009). Therefore, nonspe-
cific opening of KCNQ4 and KCNQ5 channels by retigabine
leads to unwanted peripheral side effects. Consequently, the need
for discovering subtype-specific molecules that are more selective
for the KCNQ2/3 channel is crucial for the treatment of
hyperexcitability-related disorders.

In this study, by introducing a fluorine atom to retigabine, we
synthesized a new chemical entity (SF0034). Next, we evaluated
the potency and selectivity of SF0034 for KCNQ channels with in
vitro recordings in heterologous systems expressing different
KCNQ subunits, in brain slices containing CA1 neurons from
wild-type (WT) mice or mice with conditional deletion of Kcnq2
from cerebral cortical pyramidal neurons, and in brain slices
from WT mice containing dorsal cochlear nucleus principal neu-
rons (fusiform cells). We then extended this analysis by evaluat-
ing the therapeutic potential of SF0034 in animal models of
seizures and tinnitus.

Materials and Methods
SF0034 synthesis
Step 1: Synthesis of 2-fluoro-N1-(4-fluorobenzyl)-4-nitrobenzene-1,3-
diamine. To a stirred suspension of commercially available 2,3-difluoro-
6-nitroaniline (see Fig. 1B, compound 1) (14 g, 80 mmol, 1.0 equiv), in
dry DMSO (140 ml), 4-fluorobenzylamine (see Fig. 1B, compound 2)
was added (15 g, 120 mmol, 1.5 equiv), followed by triethylamine (Et3N)
(28 ml, 193 mmol, 2.4 equiv) and molecular iodine (I2) (catalytic, 15
mg). The reaction mixture was heated to 120°C and stirred at this tem-
perature for 3 h. After consumption of the starting material by thin-layer
chromatography (TLC), the reaction mixture was cooled to room tem-
perature (RT), diluted with water (500 ml), and extracted with ethyl
acetate (EtOAc; 2 � 500 ml). The separated organic layer was dried over
anhydrous Na2SO4, filtered, and concentrated under reduced pressure to
give a crude product, which was purified by silica gel column chroma-
tography (EtOAc/hexane � 2/23) to afford compound 3 (20 g, 90%) as a
yellow solid. For TLC, 20% EtOAc/hexane (Rf: 0.20) was used. For pro-
ton nuclear magnetic resonance spectroscopy ( 1H-NMR; 400 MHz,
CDCl3), � 7.87 (dd, J � 9.60, 1.60 Hz, 1H), 7.31–7.28 (m, 2H), 7.08 –7.03
(m, 2H), 6.11– 6.03 (m, 3H), 4.82 (br s, 1H), 4.44 (d, J � 5.2 Hz, 2H).

Step 2: Synthesis of ethyl (2-amino-3-fluoro-4-((4-fluorobenzyl)-
amino)phenyl)carbamate. To a stirred solution of compound 3 (see Fig.
1B; 20 g, 72 mmol, 1.0 equiv) in methanol (200 ml), zinc powder (Zn) (23
g, 358 mmol, 5.0 equiv) was added, followed by dropwise addition of
ammonium chloride solution (NH4Cl) (19 g, 358 mmol, 5.0 equiv) in
H2O (70 ml). After being stirred at RT for 3 h, diisopropylethylamine
(DIPEA/i-Pr2NEt) (14 ml, 86 mmol, 1.2 equiv) and ethyl chloroformate
(ClCO2Et) (7.7 g, 72 mmol, 1.0 equiv) were added to the reaction mix-
ture at 10°C and the stirring was continued for another 2 h at RT. After

consumption of the starting material (by TLC), the reaction mixture was
diluted with water (480 ml) and stirred for 1 h to give a solid. The
obtained solid was filtered, dissolved in EtOAc (300 ml), and further
filtered to remove the undissolved solid. The filtrate was evaporated and
recrystallized using hexane to afford brown solid, which was further
purified by column chromatography to afford SF0034 (13 g, 56%) as a
colorless solid. For TLC, 50% EtOAc/Hexane (Rf: 0.20) was used. For
1H-NMR (500 MHz, CDCl3), � 7.31 (dd, J � 8.2 Hz, 6.8 Hz, 2H), 7.02
(dd, J � 6.8 Hz, 6.8 Hz, 2H), 6.75 (d, J � 6.8 Hz, 1H), 6.07 (dd, J � 6.8 Hz,
6.8 Hz, 1H), 4.31 (s, 2H), 4.22– 4.18 (m, 3H), 3.84 (br s, 2H), 1.29 (t, J �
5.6 Hz, 3H).

Retigabine synthesis
Retigabine (see Fig. 1A) was synthesized as described in International
Patent Application WO2011/101456A2, published August 25, 2011 (Ex-
ample 5); identity and purity were determined by TLC and 1H-NMR.

Animal handling
Animal handling and care were in accordance with the Institutional An-
imal Care and Use committee-approved guidelines and protocols of the
University of Pittsburgh (Pittsburgh, PA), University of Connecticut
(Storrs, CT), and University of Utah (Salt Lake City, UT).

Electrophysiology
HEK293T electrophysiology. HEK293T cells were transfected with recom-
binant DNA (3–5 �g) using Lipofectamine 2000 (Invitrogen) and re-
corded 48 h after transfection. All experiments were performed at RT
using a conventional whole-cell patch-clamp technique. To record ro-
bust KCNQ5 currents, we cotransfected KCNQ5 with pIRES-dsRed-
PIPKI�90 (2 �g). PIPKI�90 increases KCNQ channel open probability
(Li et al., 2005). Recording electrodes were filled with internal solution
containing the following (in mM): 132 K-gluconate, 10 KCl, 4 Mg � ATP,
20 HEPES, and 1 EGTA � KOH, pH 7.2–7.3, and had resistances of 3–5
M�. The standard bath solution contained the following (in mM): 144
NaCl, 2.5 KCl, 2.25 CaCl2, 1.2 MgCl2, 10 HEPES, and 22 D-glucose, pH
7.2–7.3. Series resistance was compensated by 75%. Osmolarity was ad-
justed to 300 –305 mOsm and pH to 7.2–7.3 with NaOH. Voltage pulses
were applied at 30 s intervals from a holding potential of �85 mV to
various test pulses before jumping down to �70 mV, as described in the
figure legends. These values are adjusted for the calculated junction po-
tential, which was �15 mV. Data were acquired through a Multiclamp
700B amplifier (Molecular Devices), low-pass filtered at 2 kHz, and sam-
pled at 10 kHz.

Constructs. The KCNQ2/3, KCNQ3A315T, KCNQ3A315T/W265L, KCNQ4,
and KCNQ5 constructs used in this study have been described previously (Soh
and Tzingounis, 2010). To generate the KCNQ2 W236L construct, we
used the QuikChange II mutagenesis kit (Stratagene) and verified the
mutation by sequencing. The PIPKI�90 plasmid was kindly provided
by Dr. Robin Irvine (University of Cambridge, Cambridge, UK).

Conditional Kcnq2 knock-out mice. We generated conditional Kcnq2
knock-out mice by breeding Kcnq2 fl/�;Emx1 cre/� mice as described pre-
viously (Soh et al., 2014). For genotyping Kcnq2 floxed mice, two primers
were included in each PCR: Kcnq2 lox forward 5�-GGCCCTAGAT
TCTGCCTCTT-3� and Kcnq2 lox reverse 5�-AAGATCTCTGCCCC
TTCCAT-3�. The primers amplified a 262-bp fragment from the wild-
type (WT) allele and a 350-bp product from the floxed allele.

Hippocampal slice preparation and electrophysiology. Transverse hip-
pocampal slices (300 �m) were prepared from postnatal day 13 (P13) to
P19 mice. Animals were first anesthetized with isoflurane and then im-
mediately decapitated. The brain was quickly removed and placed in
ice-cold cutting solution containing the following (in mM): 26 NaHCO3,
210 sucrose, 10 glucose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, and 7 MgCl2.
Slices were made using a vibratome (Microm HM 650V; Thermo Scien-
tific). Brain slices were placed in a storage chamber filled with artificial
cerebrospinal fluid (ACSF) containing the following (in mM): 119 NaCl,
2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 1 NaH2PO4, 26 NaHCO3, and 10 glucose,
equilibrated with 95% O2 and 5% CO2. Slices were maintained at 35°C
for 30 – 40 min and then at RT for at least 1 h before recording. All
experiments were performed at RT. While recording, slices were contin-
uously perfused in ACSF that also included 2 �M CNQX, 10 �M APV, and
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100 �M picrotoxin to block fast excitatory and inhibitory synaptic trans-
mission. Hippocampal pyramidal neurons were visually identified with
infrared differential interference contrast optics using a 40� water-
immersion objective lens on an upright microscope (BX51W; Olympus).
Whole-cell recordings were obtained using electrodes pulled from thin-
walled borosilicate glass capillaries (World Precision Instruments) with
resistances ranging from 3.5 to 6 M� and filled with intracellular solu-
tion consisting of the following (in mM): 130 potassium methylsulfate, 10
KCl, 10 HEPES, 4 NaCl, 4 Mg2ATP, 0.4 Na4GTP, and 20 myo-inositol.
Osmolarity was adjusted to 295–300 mOsm and pH to 7.25–7.35 with
KOH. All slice recordings were taken from pyramidal neurons located
in the CA1 region of the hippocampus with an initial resting mem-
brane potential of ��55 mV; junction potential was not corrected for
these experiments. Current responses were collected with a Multi-
clamp 700B amplifier (Molecular Devices), filtered at 2 kHz, and
sampled at 10 kHz. Data were analyzed offline using Clampfit (Mo-
lecular Devices) or Origin (OriginLab). For all slice recordings, the
membrane potential was set at �60 mV.

Dorsal cochlear nucleus brain slice preparation and electrophysiology.
ICR mice (P20 –P28) were first anesthetized with isoflurane and then
immediately decapitated. Brains were removed and transferred into
ACSF maintained at 35°C containing the following (in mM): 130 NaCl, 3
KCl, 1.2 KH2PO4, 2.4 CaCl2 � 2H2O, 1.3 MgSO4, 20 NaHCO3, 3 Na-
HEPES, and 10 D-glucose, saturated with 95% O2/5% CO2 (pH 7.25–
7.35). Coronal slices (210 �m) of the, left dorsal cochlear nucleus (DCN)
were prepared in ACSF at 35°C using a Vibratome (VT1200 S; Leica).
Slices were incubated for 	60 min at 35°C before electrophysiology ex-
periments were conducted.

For patch-clamp experiments, slices were transferred into the re-
cording chamber and perfused with ACSF at a rate of 1–2 ml/min.
Fusiform cells were recorded in the fusiform cell layer of the DCN and
were identified on the basis of morphological and electrophysiologi-
cal criteria described in previous studies (Tzounopoulos et al., 2004).
Electrophysiological patch-clamp recordings were made using a
MultiClamp-700B amplifier equipped with Digidata-1440A A/D con-
verter (Molecular Devices). Voltage- and current-clamp recordings
were conducted using 3–5 M� recording pipettes filled with
potassium-based intracellular solution containing the following (in
mM): 113 K-gluconate, 4.5 MgCl2 � 6H2O, 14 Tris � phosphocreatine,
9 HEPES, 0.1 EGTA, 4 Na2ATP, 0.3 Tris � GTP, 10 sucrose, pH 7.3, at
300 mOsmol. Voltage-clamp ramp experiments were performed in
the presence of external 1 mM CsCl2, 200 �M CdCl2, and 0.5 �M

tetrodotoxin to block hyperpolarization-activated cyclic nucleotide-
gated channels (HCN, Ih channel), calcium channels, and Na � chan-
nels, respectively. In experiments in which CdCl2 was added, a
KH2PO4-free ACSF was used to prevent precipitation. XE991 (10 �M)
was used to block KCNQ channel currents. SF0034 (10 �M) was used
for electrophysiological experiments from a stock solution of 20 mM,
prepared using DMSO. Recordings were conducted at 32–34°C using
an inline heating system (Warner Instruments). Capacitive currents
and series resistance (Rs) were compensated (60 – 80%, bandwidth 15
kHz). Series resistance was monitored throughout the experiment
using the size and shape of the capacitive transients in response to a 5
mV depolarization step. Experiments were not included if the series
resistance changed 
15% during the recorded session. A liquid junc-
tion potential of �11 mV was corrected for all voltage-clamp exper-
iments. All experiments were conducted in the presence of excitatory
and inhibitory synaptic transmission blockers including 20 �M 6,7-
dinitroquinoxaline-2,3-dione (DNQX), 20 �M SR95531, and 0.5 �M

strychnine.
Data analysis and statistics. XE991-sensitive KCNQ channel currents

elicited by slow voltage ramps (8 mV/s) were converted into conduc-
tance (G, nS) using Ohm’s law: G � I/(V � Vr), where I (pA) is the
current amplitude, V (mV) is the membrane potential, and Vr is the
reversal potential of potassium (�85.5 mV). The Boltzmann function
(see below) was used to fit the conductance–voltage curves and to
determine the maximal conductance (Gmax) and half-maximal acti-
vation voltage (V1/2) of KCNQ currents, where k is the slope factor
and G � Gmax/[1 � e^{�(V � V 1/2)/k}].

To obtain the dependence of the changes in V1/2 on the concentration
of different KCNQ channel activators, we measured the V1/2 of
KCNQ2/3 currents at various concentrations of retigabine and SF0034
(100 nM-30 �M). We then fitted the agonist dependence of the shift of
the V1/2 obtained by different concentrations with a Hill equation,
where �V1/2 � �V1/2-max � [activator] n/([activator] n � EC50

n. �V1/2 is
the change in V1/2 caused by the activator, EC50 is the concentration of
the KCNQ channel activator that causes 50% of the maximal effect in
V1/2, n is the Hill coefficient, and [activator] is the concentration of
retigabine or SF0034. Data analysis and statistical tests were performed
using GraphPad Prism version 5, Kaleidograph, and MATLAB version
2011a (The MathWorks). Data are reported as mean � SEM.

Tinnitus induction, tinnitus screening, and ABRs
Noise exposure. The noise exposure paradigm and screening of noise-
exposed animals for behavioral evidence of tinnitus was conducted
similar to previous studies (Li et al., 2013). ICR mice (P17–P20) includ-
ing both males and females were used in this study. Animals in the noise-
exposed group (test) were anesthetized with 3% isoflurane in oxygen and
were exposed unilaterally (left ear) using a narrow band-pass noise with
a 1 kHz bandwidth centered at 16 kHz at 116 dB sound pressure level
(SPL) for 45 min. Noise was presented through a pipette tip, one end of
which was attached to the speaker (CF-1; Tucker Davis Technologies)
and the other inserted to the left ear canal of the mouse. Anesthesia level
during noise exposure was maintained at 1–1.5% isoflurane. Animals in
the sham group (control) were subjected to an identical procedure but
without any noise exposure.

Behavior screening for tinnitus and auditory brainstem responses. Gap
detection, prepulse inhibition (PPI), and auditory brainstem response
(ABR) thresholds were assessed right before and 1 week after sham or
noise exposure. For the gap detection paradigm, mice were confined in a
custom-made chamber constructed using Lego parts and a small plastic
container secured using an elastic band. The housing was then placed on
load cell response-sensing platforms (E45–E11; Coulbourn Instruments)
residing inside a sound-attenuating chamber (env-022SD; Med Associ-
ates). The gap detection paradigm was conducted using a narrow band-
pass sound with a 1 kHz bandwidth centered at 10, 12, 16, 20, 24, and 32
kHz test frequencies presented at 70 dB SPL through an isodynamic
tweeter (RT2H-A; HiVi) positioned in front of the animal. Sound gaps of
50 ms duration were embedded in the background test frequency 130 ms
before the startle stimulus. The startle response represents the time
course of the downward force that the animal applies on the platform in
response to startle pulse. Gap detection was evaluated based on the gap
startle ratio, which is the ratio of peak-to-peak value of startle waveform
in the presence of gap to the values in the absence of gap. For gap detec-
tion trials of the same background frequency, gap startle ratios were
sorted in an ascending manner. To control for variability of gap startle
ratios within a frequency, ratios that showed an increase of 
0.5 from
the preceding value were excluded; the following values were also ex-
cluded. If more than five ratios were excluded within a frequency, the gap
startle ratio for this frequency was not used. Gap startle ratios were mea-
sured right before and 1 week after sham or noise exposure. As described
in previous studies (Li et al., 2013), noise-exposed mice were considered
tinnitus mice if their gap startle ratios were increased by 
0.3 in at least
one of the tested frequencies.

In PPI trials, a 50 ms, 70 dB SPL band-pass sound with 1 kHz band-
width centered at 10, 12, 16, 20, 24 and 32 kHz was presented 130 ms
before the startle stimulus, in an otherwise quiet background. PPI was
evaluated based on the PPI startle ratio, which is the ratio of peak-to-peak
value of the startle waveform in the presence of prepulse to the peak-to-
peak value in the absence of the prepulse (startle only trial).

ABR thresholds were measured after the gap detection and PPI tests.
For ABR measurements, mice were anesthetized using 3% isoflurane in
oxygen for induction and 1–1.5% for maintenance. Anesthetized animals
were placed in a sound-attenuating chamber with a subdermal electrode
placed at the vertex, the ground electrode placed ventral to the right
pinna, and the reference electrode placed ventral to the left pinna. Tem-
perature was maintained at 	37°C using a heating pad. Sound stimuli
were presented using a pipette tip, one end of which was attached to the
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speaker (CF-1; Tucker Davis Technologies) and the other to the left ear
canal of the mouse. ABR thresholds were measured for 1 ms clicks and 3
ms tone bursts of 10, 12, 16, 20, 24, and 32 kHz presented at a rate of
18.56/s using the System 3 software package from Tucker Davis Technol-
ogies. Evoked potentials were averaged 1024 times and filtered using a
300 –3000 Hz band-pass filter.

Behavioral screening for tinnitus with SF0034
ICR mice (P17–P20), both male and female, were randomly assigned into
four groups: noise-exposed treated with SF0034 (n � 17), noise-exposed
treated with vehicle (0.5% methylcellulose, n � 17), unexposed (sham-
exposed) treated with SF0034 (sham � SF0034, n � 10), and unexposed
treated with vehicle (sham � methylcellulose, n � 10). SF0034 (SciFluor)
was formulated as a suspension in 0.5% methylcellulose and adminis-
tered 30 min after noise or sham exposure, followed by injections twice
per day for 5 d every 12 h via intraperitoneal (i.p.) injection at a dose of 10
mg/kg. Vehicle-treated groups were injected with 0.5% methylcellulose
using the same injection schedule as that of SF0034-treated groups. All
animals were evaluated for gap detection, PPI, and ABR thresholds right
before noise or sham exposure and 24 – 48 h after the final injection.

Animal models of seizures
All anticonvulsant and toxicity studies were conducted at the University
of Utah in association with the National Institute of Neurological Disor-
ders and Stroke–National Institutes of Health Anticonvulsant Screening
Program. Male and female albino CF1 mice (18 –25 g; Charles River
Laboratories) and male albino Sprague Dawley rats (100 –300 g) were
used for anticonvulsant activity and toxicity screening studies. Animals
were housed in a standard 12 h:12 h light-dark cycle with ad libitum
access to standard laboratory chow (Prolab RMH 3000 laboratory
diet) and water. Anticonvulsant tests included maximal electroshock
(MES) and corneal-kindled seizure paradigms in mice. Toxicity tests
included rotarod toxicity test in mice and positional sense/stance/gait
toxicity test in rats.

MES seizure test. In the MES seizure test, we assessed the ability of
different doses of the test compound in preventing seizure induced by an
electrical stimulus of 0.2 s in duration (50 mA at 60 Hz) delivered
through the corneal electrodes primed with a drop of anesthetic/electro-
lyte solution (0.5% tetracaine hydrochloride in 0.9% saline). Mice were
restrained by hand and released immediately after corneal stimulation,
which allowed observation of the entire seizure episode. A maximal sei-
zure in a test animal includes four distinct phases that include: Phase I:
the hind leg flexor component of the tonic phase; Phase II: the hind leg
extensor component of the tonic phase; Phase III: intermittent, whole-
body clonus; and Phase IV: muscular relaxation followed by seizure ter-
mination (Woodbury and Davenport, 1952; Racine et al., 1972). Test
compounds were tested for their ability to abolish the hindlimb tonic
extensor component, which indicates the compound’s ability to inhibit
MES-induced seizure spread. In this study, mice were preadministered
intraperitoneally with test compounds and tested at 0.25, 0.5, 1, and 4 h
time points for the abolishment of hindlimb tonic extensor component
after electrical stimulus (SF0034: 5, 5.8, 6.5, 8, and 10 mg/kg; retigabine:
10, 13, 15, and 20 mg/kg; n � 8 –16 mice/group).

Corneal-kindled mouse model of partial seizures. In the corneal-kindled
seizure model, mice were kindled electrically with a 3 s, 8 mA, 60 Hz
stimulus delivered through corneal electrodes primed with 0.5% tetra-
caine hydrochloride in 0.9% saline twice daily until five consecutive stage
V seizures were induced. Mice were considered kindled when they dis-
played at least five consecutive stage V seizures according to the Racine
scale (Racine et al., 1972) including mouth and facial clonus (stage I),
Stage I plus head nodding (Stage II), Stage II plus forelimb clonus (Stage
III), Stage III plus rearing (Stage IV), and stage IV plus repeated rearing
and falling (Stage V) (Racine et al., 1972). At the completion of the
kindling acquisition, mice were permitted a 3 d stimulation-free period
before any drug testing. On the day of the experiment, fully kindled mice
were preadministered intraperitoneally with increasing doses of the test
compounds (SF0034: 1.5, 3, 6, 12, and 30 mg/kg; retigabine: 11, 43, and
83 mg/kg; n � 8 –16/group) and challenged with the corneal-kindling
stimulus of 3 mA for 3 s 15 min. Mice were scored as protected (seizure

score �3) or not protected (seizure score �4) based on Racine scoring
(Racine et al., 1972).

Toxicity assays
Rotarod toxicity assay. In the rotarod test procedure, a mouse is placed on
1-inch knurled rod that rotates at a speed of 6 rpm (Dunham and Miya,
1957). Typically, at this speed, animals were able to maintain equilibrium
for long periods of time. The concentration of retigabine or SF0034 that
causes mice to fall off the rotating rod 3 times during a 1 min period is
considered toxic. Increasing doses of the test compounds were adminis-
tered intraperitoneally (SF0034: 10, 20, 50, and 70 mg/kg; retigabine: 15,
20, 30, 50, 60, and 70 mg/kg; n � 8 –16/group).

Positional sense and gait and stance assay. In these assays (Stables and
Kupferberg, 1997), animals displaying any of the below described char-
acteristics were considered to have neurological deficits or motor impair-
ment. In the positional sense test, the hind leg of the animal is gently
lowered over the edge of a table, to which the animal responds by quickly
lifting its leg back to the normal position. Neurological deficit or motor
impairment is indicated by the animal’s inability to rapidly return its
hind leg to the normal position after administration of elevating doses of
the test compound. In the gait and stance test, neurological deficit is
indicated by a circular or a zigzag gait, ataxia, abnormal spread of legs,
abnormal body posture, tremors, hyperactivity, lack of exploratory be-
havior, somnolence, stupor, catalepsy, or loss of muscle tone. Elevating
doses of test compounds were administered orally (SF0034: 75, 125, 175,
185, and 200 mg/kg; retigabine: 50, 75, 100, and 125 mg/kg; n � 8 –16/
group).

Determination of median effective dose (ED50 ) or median toxic
dose (TD50 )
All quantitative in vivo anticonvulsant and toxicity studies were con-
ducted at the time-to-peak effect after intraperitonial injection or oral
administration of the compound. Animals were tested with various doses
of retigabine or SF0034 until at least three points were established be-
tween the limits of 0% protection or minimal toxicity and 100% protec-
tion or maximal toxicity. The dose of retigabine or SF0034 required to
produce the desired endpoint in 50% of animals [median effective dose
(ED50) or median toxic dose (TD50)] was calculated from dose–response
curves using Probit analysis (Minitab 17).

Statistics
For data that were normally distributed (based on the Liliefors test), we
conducted Student’s t test or one-way or two-way ANOVA. Post hoc
analysis for one-way ANOVA was performed with Tukey’s least signifi-
cant test. For non-normally distributed data, we performed the nonpara-
metric Wilcoxon rank-sum test or Kruskal–Wallis test. A binomial test
was used for comparing percentages of tinnitus mice in response to dif-
ferent experimental manipulations. The statistical significance in ED50

and TD50 between retigabine and SF0034 were calculated using 95% or
99% fiducial confidence intervals determined by Probit analysis.

Results
Chemical synthesis of SF0034
Previous studies have shown that retigabine (Fig. 1A) binds to a
hydrophobic pocket between the S5 and S6 domains of KCNQ2–5
channels, thereby stabilizing the open-channel conformation and
producing a hyperpolarizing shift in the voltage dependence of these
channels (Schenzer et al., 2005; Wuttke et al., 2005; Lange et al.,
2009). We hypothesized that retigabine analogs bearing one or two
fluorine atoms on the aniline ring would enhance binding to
KCNQ2–5 channels. We synthesized a set of fluorinated retigabine
analogs with mono- or difluoro- substituents and tested them in a
functional cell-based assay for KCNQ2/3 channel activation. When
the fluoro group was positioned at the 5-position, the 6-position, or
together at the 3- and 5-positions of the tri-aminophenyl ring, no
significant changes in potency were observed (data not shown).
However, SF0034 (Fig. 1B), a retigabine analog with the fluoro-
group at the 3-position of the tri-aminophenyl ring, was unique in
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demonstrating substantially increased potency and selectivity for
KCNQ2/3 subunits (see Figs. 2, 3, 4, 5), suggesting that the addition
of a fluoro group at the 3-position provides the appropriate steric
and electronic modification for increased KCNQ2/3 potency and
selectivity.

SF0034 has improved potency and selectivity for
KCNQ2/3 subunits
First, we tested whether SF0034, similarly to retigabine, activates
KCNQ2/3 currents. Heterologous expression of KCNQ2/3 chan-
nels in HEK293T led to robust slowly activating currents after a
1 s depolarization at membrane potentials 
�60 mV (Fig.
2A,C). Initially, to evaluate the potency of SF0034 on KCNQ2/3
channels, we measured the effects of 100 nM, 300 nM, and 10 �M

retigabine and SF0034 on KCNQ2/3 currents. Consistent with
previous studies (Tatulian et al., 2001), application of either 100
or 300 nM retigabine did not have any significant effect on
KCNQ2/3 currents (Fig. 2A, middle, and B), whereas 10 �M re-
tigabine significantly potentiated KCNQ2/3 currents at hyperpo-
larized membrane potentials without affecting Gmax (Fig. 2A,
right, B; Gmax-norm: control: 0.96 � 0.006; 10 �M: 1.25 � 0.3; n �
7, p � 0.37). A Boltzmann fit of the KCNQ2/3 conductance–
voltage (G–V) function in the presence of 10 �M retigabine re-
vealed a robust shift in the V1/2 toward more hyperpolarized
potentials (Fig. 2B, middle and right; V1/2: control: �33 � 1.5
mV; 10 �M: �56 � 5 mV, n � 7; p � 0.01).

In contrast to retigabine, application of 100 or 300 nM SF0034
shifted significantly the V1/2 of KCNQ2/3 channels toward more
hyperpolarized membrane potentials without affecting Gmax,
suggesting that SF0034 is a more potent KCNQ2/3 channel acti-
vator than retigabine (Fig. 2C,D; V1/2: control: �29 � 1.7 mV;
100 nM: �35 � 1.9 mV, n � 10, p � 0.05; V1/2: control: �30 � 2.4
mV; 300 nM: �41 � 3.9 mV, n � 5; p � 0.05; Gmax-norm: control:
0.95 � 0.001; 100 nM: 1.1 � 0.11, n � 10, p � 0.19; Gmax-norm:
control: 0.96 � 0.01; 300 nM: 1.2 � 0.14, n � 5, p � 0.15;
Gmax-norm: control: 0.96 � 0.007; 10 �M � 1.24 � 0.23; n � 7, p �
0.25). To quantify the difference in potency between SF0034 and
retigabine, we measured the shift in V1/2 of KCNQ2/3 currents
caused by different concentrations of SF0034 and retigabine (100
nM to 30 �M) and calculated the EC50—the concentration of
retigabine or SF0034 that produces half-maximal change in the
V1/2 of KCNQ2/3 currents. Retigabine shifted the V1/2 of
KCNQ2/3 currents with an EC50 of 6.5 �M, whereas SF0034
shifted the V1/2 of KCNQ2/3 currents with an EC50 of 1.3 �M,
suggesting that SF0034 is approximately five times more potent
than retigabine (Fig. 2D, right). This is an important finding
showing that the addition of a single fluoride at the 3-position of
the tri-aminophenyl ring improves the potency of retigabine in
activating KCNQ2/3 channels. Importantly, this result suggests
that lower and potentially less toxic concentrations of SF0034

may enhance reduced KCNQ2/3 channel activity associated with
hyperactivity-related disorders.

A tryptophan (W) residue in the intracellular end of the S5
helix, W236 for KCNQ2 numbering and W265 for KCNQ3 num-
bering, is crucial for the gating effects of retigabine on KCNQ
channels (Schenzer et al., 2005; Wuttke et al., 2005). To deter-
mine whether the gating effect of SF0034 also requires the same
W residue, we examined the effect of SF0034 on KCNQ2 and
KCNQ3 subunits that lack W236 or W265, respectively. Because
KCNQ3 subunits are the most sensitive subunits to retigabine
(Tatulian et al., 2001), we first focused on KCNQ3 channels. We
used the KCNQ3 A315T mutant channels because they permit ro-
bust expression of KCNQ3 currents in HEK293T cells without
affecting KCNQ3 gating properties (Hernandez et al., 2009). A
concentration of 10 �M retigabine shifted the V1/2 of
KCNQ3 A315T currents by 	30 mV, but substitution of W265
with leucine (L; KCNQ3 A315T/W265L) prevented the gating effect
of retigabine (Fig. 3A; V1/2: KCNQ3 A315T: �43 � 3.6 mV; 10 �M:
�76 � 2.7 mV, n � 5; p � 0.001; KCNQ3 A315T/W265L: �51 � 1.8
mV; 10 �M: �51 � 1.9 mV, n � 5; p � 0.9). A concentration of 10
�M SF0034 caused an 	40 mV leftward shift in the V1/2 of
KCNQ3 A315T currents, but this shift was abolished in
KCNQ3A315T/W265L currents (Fig. 3B; V1/2: KCNQ3A315T: �45 � 2.6
mV; 10 �M: �87 � 2.0 mV, n � 6; p � 0.001; KCNQ3A315T/W265L:
�58 � 0.5 mV; 10 �M: �58 � 1.6 mV, n � 6; p � 0.8). Consistent
with our results, SF0034 had a strong gating effect on KCNQ2 cur-
rents (Fig. 3C, left); however, this effect was abolished upon substi-
tution of W with L (KCNQ2 W236L), further confirming the
necessity of W236 for the gating effect of SF0034 (Fig. 3C, right).
Together, these results suggest that, although SF0034 is more
potent than retigabine, it also requires W236/W265 for exerting
its gating effects on KCNQ2 and KCNQ3 homomeric channels.

Next, we assessed the selectivity of SF0034 in activating
different KCNQ subunits. Because retigabine does not activate
KCNQ1 channels, but activates KCNQ4 and KCNQ5 channels
(Tatulian et al., 2001; Jensen et al., 2005), we investigated the
effects of SF0034 on KCNQ4 and KCNQ5 homomeric chan-
nels (Fig. 4A–D). We found that SF0034 did not alter the V1/2

of either KCNQ4 or KCNQ5 channels (Fig. 4B, right; KCNQ4:
V1/2 control � �17 � 6 mV; 10 �M � �28 � 6 mV; n � 5, p �
0.1; Fig. 4D, right; KCNQ5: V1/2 control � �62 � 7.6 mV; V1/2

10 �M � �72 � 8; n � 3, p � 0.4). Similarly, SF0034 did not
increase significantly either KCNQ4 or KCNQ5 Gmax (Fig. 4B,
left; KCNQ4: Gmax-norm control � 1.2 � 0.08; 10 �M � 2.6 �
0.6; n � 5, p � 0.1; Fig. 4D, left; KCNQ5: Gmax-norm control:
1.06 � 0.004; 10 �M � 1.1 � 0.2; n � 3, p � 0.8). The effects
of SF0034 on KCNQ4 channels are significantly different from
the effects reported previously for retigabine (Tatulian et al.,
2001). In agreement with these studies, our experiments
showed that retigabine shifted the V1/2 to hyperpolarized

Figure 1. SF0034 synthesis. A, Structure of retigabine shown for comparison with SF0034. B, A regioselective, nucleophilic aromatic substitution of the fluorine para to the nitro group in
commercially available 2, 3-difluoro-6-nitroaniline (1) with 4-fluorobenzylamine (2) provided diamino-nitrobenzene (3) in 90% yield. Reduction of the nitro group in compound (3) to the amino
group, followed by selective acylation of the most nucleophilic amino group with ethyl chloroformate, afforded SF0034 as a crystalline solid in 56% yield.
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membrane potentials and increased the Gmax of KCNQ4 chan-
nels (control V1/2 � �31 � 3 mV; 10 �M � �51 � 9 mV, n �
4, p � 0.01; control Gmax-norm � 0.97 � 0.03; 10 �M � 1.93 �
0.2 mV, n � 4, p � 0.01, data not shown). Importantly, at
potentials near the resting membrane potential, SF0034 did
not have any significant effect on either KCNQ4 or KCNQ5

channels. These findings suggest that administration of
SF0034 in vivo might not activate KCNQ4/5 channels and may
therefore cause less side effects. Together, our results suggest
that SF0034 is a specific modulator of a subset of KCNQ chan-
nels, notably showing the highest affinity and efficacy for
KCNQ2/3 channels.
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Figure 2. SF0034 is more potent in activating KCNQ2/3 channels than retigabine. KCNQ2/3 currents were measured at various test potentials elicited by a 1 s depolarization from �85 mV and
were followed by a return step to �70 mV. Test potentials were given at 10 mV increments from �115 to �15 mV. A, C, Representative current traces at different membrane potentials from
HEK293T cells expressing KCNQ2/3 channels in the presence of increasing concentrations of either retigabine (A) or SF0034 (C). B, Left and Middle, Summary of the relative and normalized G–V
relationship of KCNQ2/3 channels at control (n � 19), 100 nM, (n � 7), 300 nM, (n � 5), and 10 �M, (n � 7) retigabine. Right, Summary of the V1/2 at different retigabine concentrations (control:
n � 19; 100 nM, n � 7; 300 nM, n � 5; and 10 �M, n � 7; p � 0.05). C, Right, Summary of the relative G–V relationship of KCNQ2/3 channels at control (n � 16), 100 nM (n � 10), 300 nM (n �
5), and 10 �M (n � 7) SF0034. D, Left, Summary of the normalized G–V relationship of KCNQ2/3 channels at SF0034 (control: n � 16; 100 nM, n � 10; 300 nM, n � 5; and 10 �M, n � 7). Middle,
Summary of the V1/2 at different SF0034 concentrations (control: n � 16; 100 nM, n � 10; 300 nM, n � 5; and 10 �M, n � 7; *p � 0.05; **p � 0.01). Right, Concentration–response curves of the
half-activation shift (�V1/2) for SF0034 (n � 4 –10) and retigabine (n � 4 –9). Values are plotted against either retigabine (black) or SF0034 (green) concentration. Data were fitted with a Hill
equation with the following parameters: retigabine: EC50 6.5 � 1.5 �M, �V1/2-max � 40 mV, slope � 1.1, n � 4 –9; SF0034: EC50 1.3 � 0.2 �M, �V1/2-max � 40 mV, slope � 0.8, n � 4 –9. Error
bars indicate � SEM. *p � 0.05; **p � 0.01.
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SF0034 activates neuronal KCNQ2/3
channels and controls
neuronal excitability
So far, we have examined the effects of
SF0034 in heterologous systems. Although
heterologous systems are appropriate for
evaluating SF0034-subunit-specific effects,
they are not optimal for determining the
specificity of SF0034 over other conduc-
tances that may affect neuronal excitability.
To assess the specificity of SF0034 in modu-
lating excitability through KCNQ2/3 mod-
ulation, we evaluated the effect of SF0034 in
brain slices from mice with conditional
deletion of Kcnq2 from cerebral cortical
pyramidal neurons (Kcnq2 cKO) (Soh et
al., 2014). We opted to use Kcnq2 cKO
mice for this test because previous studies
showed that conditional Kcnq2 deletion
decreased KCNQ2/3 and M-currents dra-
matically in CA1 pyramidal neurons (Soh
et al., 2014). This reduction is due to the
loss of both KCNQ2 and KCNQ3 chan-
nel surface expression (Soh et al., 2014).
Consistent with these findings, we also
found that CA1 pyramidal neurons
from Kcnq2 cKO mice were hyperexcit-
able and showed an increased number
of action potentials (compare left col-
umns between Fig. 5A and C).

To determine whether SF0034 reduces
neuronal excitability via KCNQ2/3 mod-
ulation in CA1 pyramidal neurons, we re-
corded in the current-clamp mode.
Application of a series of 1 s depolarizing
current steps in 25 pA increments resulted
in a stepwise increase in the number of
evoked action potentials (Fig. 5A,C). Ap-
plication of 10 �M SF0034 in WT CA1
neurons significantly decreased the num-
ber of action potentials at all current in-
jections tested (Fig. 5A,B; control�250pA:
21 � 2 AP; SF0034�250pA: 5 � 2 AP, n � 6;
p � 0.01). In contrast, in Kcnq2 cKO CA1
neurons, the ability of SF0034 to dampen
excitability was reduced significantly (Fig.
4C,D; control�250pA: 30 � 2 AP;
SF0034�250pA: 28 � 3 AP, n � 6; p �
0.05), which is consistent with the notion
that the action of SF0034 on excitability is
very specific and requires the presence of
KCNQ2-containing channels. At subsatu-
rating current injections, SF0034 de-
creased significantly the number of action
potentials in Kcnq2 cKO neurons (WT
neurons, control�100pA: 13 � 1 AP;
SF0034�100pA: 0.7 � 0.2 AP, n � 6; p �
0.0001; Kcnq2-null neurons, control�100pA:
17 � 2 AP; SF0034�100pA: 13 � 2 AP, n � 6;
p � 0.01). This effect is likely due to the
presence of a small residual KCNQ cur-
rent in Kcnq2 cKO neurons (Soh et al.,
2014) that is likely mediated by KCNQ3

Figure 3. SF0034 requires the presence of W265 or W236 to exert its gating effects on KCNQ3 or KCNQ2 channels, respectively.
KCNQ currents were measured at various test potentials elicited by a 1 s depolarization from�85 mV and were followed by a return
step to �70 mV. Test potentials were given at 10 mV increments from �115 to �15 mV. A, Top, Representative current traces
recorded at different membrane potentials from HEK293T cells expressing KCNQ3 A315T (left) or KCNQ3 A315T/W265L (right) channels
in the presence or absence of 10 �M retigabine. Bottom, Summary of the normalized G–V relationship of KCNQ3 A315T (left, n � 5)
and KCNQ3 A315T/W265L (right, n � 5) in the presence or absence of 10 �M retigabine. B, Top, Representative current traces
recorded at different membrane potentials from HEK293T cells expressing KCNQ3 A315T (left) or KCNQ3 A315T/W265L (right) channels
in the presence or absence of 10 �M SF0034. Bottom, Summary of the normalized G–V relationship of KCNQ3 A315T (left, n �6) and
KCNQ3 A315T/W265L (right, n � 4) in the presence or absence of 10 �M SF0034. C, Summary of the normalized G–V relationship of
KCNQ2 (left, n � 5) and KCNQ2 W236L (right, n � 6) in the presence or absence of 10 �M SF0034. Error bars indicate � SEM.
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or KCNQ3/5 channels. This conclusion is consistent with pre-
vious studies showing that KCNQ2 ablation significantly de-
creased, but did not eliminate, either KCNQ3 or KCNQ5
protein levels (Soh et al., 2014). Together, our results indicate
that SF0034 is a potent and selective KCNQ2/3 channel acti-
vator that reduces CA1 neuronal excitability through activa-
tion of KCNQ2/3 channels.

Because recent studies have revealed that a reduction in
KCNQ2/3 potassium channel activity in the principal DCN neu-
rons (fusiform cells) is essential for tinnitus induction (Li et al.,
2013), we also examined the effect of SF0034 on KCNQ currents,
which are mediated by KCNQ2/3 subunits (Li et al., 2013), in
fusiform cells from DCN brain slices. A slow voltage ramp (8
mV/s) elicited an outward current (Fig. 6A, black trace) that was
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potentiated by application of 10 �M SF0034 (Fig. 6A, red trace)
and partially suppressed by subsequent bath application of 10 �M

XE991, a selective KCNQ antagonist (Fig. 6A, blue trace). Bath
administration of 10 �M SF0034 after applying XE991 did not
potentiate the XE991-resistant currents (Fig. 6B), suggesting that
SF0034 specifically enhances KCNQ2/3 currents. By digitally
subtracting the current response after application of XE991 from
the control response, we determined the G–V relationship for
KCNQ2/3 currents in control (Fig. 6C, gray trace) and in the
presence of SF0034 (Fig. 6C, black trace). SF0034 significantly
reduced the V1/2 to more hyperpolarizing potentials and en-
hanced the Gmax of KCNQ2/3 currents in fusiform cells (Fig.
6C–E; V1/2, control: �26.6 � 1.4 mV, SF0034: �33.2 � 1.8 mV,
n � 6, p � 0.01; Gmax, control: 63.6 � 8.5 nS, SF0034: 90.7 � 14.2
nS, n � 6, p � 0.05).

Fusiform cells fire spontaneous action potentials (Leao et al.,
2012) and KCNQ2/3 channel activity modulates the spontaneous
firing rate of fusiform cells dramatically (Li et al., 2013). Consis-
tent with this finding and our voltage-clamp data on the enhanc-
ing effect of SF0034 on KCNQ2/3 currents, 10 �M SF0034
abolished spontaneous firing (Fig. 6F); this inhibition was re-
versed upon blocking KCNQ2/3 channels with XE991 (Fig. 6F).
Together, these results suggest that SF0034 enhances KCNQ2/3

channel activity in fusiform cells and de-
termines the spontaneous firing proper-
ties of fusiform cells, further supporting
the specificity of SF0034 and its ability to
regulate excitability in different neuronal
types.

SF0034 exhibits stronger anticonvulsant
activity and is less toxic than retigabine
Based on our electrophysiological experi-
ments showing improved potency and se-
lectivity in activating KCNQ2/3 channels,
we hypothesized that SF0034 would be
more potent in preventing the develop-
ment of seizures and less toxic compared
with retigabine in animal models of sei-
zures and toxicity. To test this hypothesis,
we explored the effect of SF0034 with in
vivo behavioral studies. In particular, we
compared the effects of SF0034 and retiga-
bine in animal models of epilepsy and tinni-
tus, which are hyperexcitability-related
disorders associated with pathologically re-
duced KCNQ2/3 channel activity.

To compare the potency of SF0034
with the potency of retigabine in prevent-
ing epileptic seizures, we determined the
ED50, the dose of retigabine or SF0034 re-
quired to stop seizures in 50% of the
tested animals, in mouse models of gener-
alized seizures (MES seizure) and partial
seizures (corneal-kindled). The MES sei-
zure model is one of the most widely used
seizure models that is relevant to human
generalized tonic-clonic and myoclonic
seizures (White et al., 1995). In the MES
test, an electrical stimulus (50 mA for
0.2 s) is delivered through corneal elec-
trodes and the dose-dependent ability of
anticonvulsant drugs to abolish hindlimb

tonic extensor is evaluated. In the MES model, SF0034 was sig-
nificantly more potent than retigabine in abolishing the hindlimb
extensor component (Fig. 7A; SF0034, ED50: 6.18 � 2.12 mg/kg;
retigabine, ED50: 14.25 � 3.25 mg/kg, p � 0.01; n � 8 –16/
group).

Next, we compared retigabine and SF0034 in the corneal-
kindled seizure model, which has been used to identify anti-
convulsant drugs for the treatment of human partial epilepsy
(Racine et al., 1972; Matagne and Klitgaard, 1998). In this
model, tetracaine hydrochloride (0.5% solution) is applied to
each eye and the optic nerve is stimulated through corneal elec-
trodes (8 mA, 60 Hz, 3 s, twice a day). The stimulation protocol is
continued until the mouse achieves 5 consecutive seizure stages, in-
cluding mouth and facial clonus (Stage I), head nodding (Stage II),
forelimb clonus (Stage III), rearing (Stage IV), and repeated rearing
and falling (Stage V), when it is considered fully kindled. In this
model, SF0034 was also significantly more potent than retigabine in
preventing seizures (Fig. 7B; SF0034, ED50: 3.96 � 1.55 mg/kg; reti-
gabine, ED50: 43.13 � 22.26 mg/kg, p � 0.01; n � 8 – 16/group).
Together, our results show that the anticonvulsant ED50 of SF0034 is
significantly lower compared with retigabine in both generalized and
partial animal models of seizures, suggesting that lower doses of
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Figure 5. SF0034 requires the presence of KCNQ2/3 channels to dampen neuronal excitability in CA1 pyramidal neurons. A, C,
Voltage responses to depolarizing current injections (1 s, 25 pA to 250 pA; in 25 pA increments) in CA1 pyramidal neurons from WT
(A) and Kcnq2 cKO mice (C) in the presence (right) or absence (left) of 10 �M SF0034. Resting membrane potential was set at
�60mV. B, D, Summary graphs showing the effect of SF0034 on CA1 pyramidal neurons action potential number in CA1 pyramidal
neurons from WT (B) and Kcnq2 cKO mice (D). Error bars indicate � SEM. *p � 0.05; **p � 0.01.
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SF0034 may be capable of preventing various types of seizures in
humans.

Apart from efficacy, another crucial factor for assessing a po-
tentially therapeutic compound is its degree of toxicity. To com-
pare the toxicity associated with SF0034 and retigabine, we
assessed the TD50, the dose of retigabine or SF0034 required to
produce toxicity in 50% of the tested animals, in two different
animal models of toxicity. In the positional sense/stance/gait tox-
icity test, either one hind leg is gently lowered over the edge of a
table, whereupon the rat experiencing neurological deficit will
fail to lift its leg quickly back to a normal position, or neurotox-
icity is indicated by a circular or zigzag gait, ataxia, abnormal
spread of the legs, abnormal posture, tremor hyperactivity, lack
of exploratory behavior, somnolence, stupor, or catalepsy (Sta-
bles and Kupferberg, 1997). In this test, SF0034 had higher TD50,
suggesting that it is significantly less toxic than retigabine (Fig.
7C; SF0034, TD50: 150.32 � 50.34 mg/kg; retigabine, TD50:
94.34 � 23.43 mg/kg, p � 0.05; n � 8 – 16/group). In the rotarod
toxicity test, which screens for drug-induced toxicity that disables
mice from maintaining their equilibrium on a rotating rod (Dun-
ham and Miya, 1957), SF0034 and retigabine showed similar
TD50 (Fig. 7D; SF0034, TD50: 43.31 � 22.26 mg/kg; retigabine,
TD50: 62.45 � 30.80 mg/kg, p 
 0.05; n � 8 – 16/group). To-
gether, these results suggest that SF0034 is more potent in its
anticonvulsant activity and overall less toxic compared with reti-
gabine; therefore, SF0034 has a significantly improved therapeu-
tic index (TD50/ED50). We conclude that SF0034 represents a

novel compound with improved safety and efficacy profile com-
pared with the FDA-approved anti-epileptic drug Potiga (the US
trade name for retigabine).

SF0034 prevents the development of tinnitus in mice
To assess the generality of SF0034 in preventing pathological
symptoms in hyperexcitability-related disorders, we tested the
effect of SF0034 in an animal model of tinnitus. The induction of
tinnitus is associated with hyperexcitability in the auditory brain-
stem (Brozoski et al., 2002; Kaltenbach et al., 2004; Kaltenbach et
al., 2005). Importantly, recent studies have shown that reduction
of KCNQ2/3 channel activity in the DCN is associated with DCN
hyperexcitability and the induction of tinnitus (Li et al., 2013).
Consistent with this notion, administration of retigabine after
noise exposure (tinnitus-inducing stimulus) prevents the devel-
opment of tinnitus in mice (Li et al., 2013). To determine whether
administration of SF0034 prevents the induction of tinnitus, we
examined the effect of SF0034 in a mouse model of noise-induced
tinnitus (Turner et al., 2006; Li et al., 2013). According to this
behavioral paradigm, control mice exhibit normal startle reflex in
response to a startle pulse, which is embedded in a constant back-
ground sound that does not elicit startle (Fig. 8A, a1 and a3, gray
trace). In agreement with previous studies, the insertion of a
silent gap in the constant background sound that precedes the
startle sound inhibits the magnitude of the startle reflex (Fig. 8A,
a2 and a3, red trace). However, after exposure to loud sound (16
kHz at 116 dB SPL centered at 1 kHz bandwidth for 45 min),

Figure 6. Potentiation of KCNQ channels by SF0034 in DCN principal neurons. A, Representative traces of outward current elicited by a slow voltage ramp (8 mV/s)-mediated activation of KCNQ
channels; control response (black trace) is potentiated by bath application of 10 �M SF0034 (red trace) that is partially blocked by 10 �M XE991 (blue trace); 1, 2, and 3 represents the order of the
different pharmacological manipulations. B, Bath application of 10 �M SF0034 (red trace) was unable to potentiate control response (black trace) that was partially blocked by bath application of
10 �M XE991 (blue trace). 1, 2, and 3 represents the order of the different pharmacological manipulations. C, Representative G–V relationship of XE991-sensitive current (digitally subtracted) in the
absence (gray trace) or presence (black trace) of 10 �M SF0034. Red and black lines represent Boltzmann fits. D–E, Summary of Boltzmann fit parameters V1/2 and Gmax. F, Representative
current-clamp traces exhibiting cessation of spontaneous firing of fusiform neurons (black trace) by bath application of 10 �M SF0034 (red trace) and its recovery upon subsequent bath application
of 10 �M XE991 (blue trace). Error bars indicate � SEM. *p � 0.05.
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when an animal develops tinnitus in a frequency that is matched by
the background sound, this animal is unable to detect the silent gap
due to partial masking of the gap perception by tinnitus. This “mask-
ing” effect results in less inhibition of the startle reflex in tinnitus
mice and therefore provides a metric for assessing the behavioral
evidence of tinnitus (Fig. 8A, a4, gray and red traces).

To evaluate the efficacy of SF0034 in preventing the develop-
ment of tinnitus, SF0034 (10 mg/kg, i.p.) was administered to
noise-exposed animals 30 min after noise exposure, followed by
injections twice per day for 5 d as described previously (Li et al.,
2013). Compared with noise-exposed mice administered with
vehicle (methylcellulose, 0.5%), injection of SF0034 reduced the
percentage of noise-exposed mice that developed tinnitus (Fig.
8B; noise-exposed � vehicle: 52.9%, 9 of 17; noise exposed �
SF0034: 17.6%, 3 of 17, p � 0.05). Moreover, administration of
vehicle or SF0034 did not affect the percentage of animals that
exhibited behavioral evidence of tinnitus in sham (not noise-
exposed) groups, suggesting that that the effect of SF0034 is spe-
cific to noise-induced tinnitus (Fig. 8B; sham � vehicle: 30.0%,
n � 3 of 10; sham � SF0034: 30.0%, 3 of 10, p 
 0.05).

SF0034-mediated changes in temporal processing deficits or
hearing thresholds may confound the interpretation of gap de-
tection paradigm used for tinnitus screening. To evaluate the
potential effects of SF0034 on sensorimotor gating and hearing
thresholds, we tested the effect of SF0034 on PPIs and ABRs to
sound. In the PPI paradigm, when an auditory stimulus that does
not cause startle precedes a startle pulse closely in time, animals
with normal sensorimotor gating exhibit a reduced reflex to the
same startle pulse (Fig. 8C). SF0034 did not have any effect on
PPI, suggesting that SF0034 does not alter the ability of mice to
inhibit startle responses (Fig. 8D). To test the effect of SF0034 on

hearing thresholds, we measured ABRs, which reflect the syn-
chronous activity of auditory brainstem nuclei in response to
sound arising from the auditory nerve (wave I) to the inferior
colliculus (wave V) (Fig. 8E; waves II-IV represent the activity of
various auditory brainstem nuclei). SF0034 did not have any ef-
fect on ABR thresholds, suggesting that it does not alter hearing
thresholds (Fig. 8F). We conclude that SF0034 prevents the de-
velopment of tinnitus in noise-exposed animal model of tinnitus
without affecting temporal processing or hearing thresholds.

Discussion
An estimated 65 million people worldwide currently live with
epilepsy (Thurman et al., 2011), of which 25– 40% are refractory
to available treatments (Eadie, 2012). Drugs with novel mecha-
nisms of action have been long sought; one of the two such drugs
recently approved by FDA is the KCNQ2–5 activator retigabine
(Gunthorpe et al., 2012). However, this drug is saddled with a
number of pharmacological liabilities that cause significant side
effects at therapeutic doses. Namely, Potiga has several side ef-
fects, including urinary retention, dizziness, sleepiness, vertigo,
tremor, confusion, psychiatric problems, vision changes, and ar-
rhythmia. Over the last year, the FDA released a safety alert re-
porting that Potiga can cause blue skin coloration and pigment
changes in the retina and severely restricted its use to those pa-
tients who have responded inadequately to several alternative
treatments. Therefore, the need for a more specific, more potent,
and less toxic KCNQ2/3 activator is essential for the development
of therapeutic drugs for hyperexcitability-related disorders such
as epilepsy and tinnitus. To mitigate the toxicity associated with
retigabine, we used the strategic incorporation of a fluorine sub-

Figure 7. SF0034 is more potent anticonvulsant than retigabine and is less toxic than retigabine. A, B, Comparison of dose–response curves for ED50 calculation (x-axis: dose (mg/kg); y-axis:
fraction seizure) for SF0034 (red) and retigabine (gray) in an MES seizure mouse model (A) and a corneal-kindled seizure mouse model (B). C, D, Comparison of dose–response curves (x-axis: dose
for TD50 calculation (mg/kg); y-axis: 1-fraction toxicity) for SF0034 (red) and retigabine (gray) in the rat positional sense/stance/gait toxicity model (C) and the mice rotarod toxicity model (D).
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stituent in retigabine. We developed
SF0034, which is more potent and more
KCNQ2/3 specific than retigabine.

Retigabine, the parent compound of
SF0034, interacts with multiple conserved
residues in both the S5 inner loop and S6
domains of KCNQ2–5 channels (Schen-
zer et al., 2005; Wuttke et al., 2005; Lange
et al., 2009). Namely, W265, L272, L314,
and Leu-338 (KCNQ3 numbering) and
G301/G340 (KCNQ2/KCNQ3 number-
ing) are critical residues for the gating ef-
fects of retigabine. These amino acids are
found in all retigabine-sensitive subunits
and, therefore, the subtle differences in
the spatial arrangement of these residues in
the 3D structure may determine the differ-
ential retigabine sensitivity among the dif-
ferent KCNQ2–5 subunits (Lange et al.,
2009). Because one of the proposed critical
interactions of retigabine with KCNQ2–5
channels is through the aniline ring of re-
tigabine and G301 (Wuttke et al., 2005),
to improve the potency and selectivity of
retigabine, we synthesized retigabine ana-
logs bearing one or two fluorine atoms on
the aniline ring. This strategy was based
on the assumption that the position of
fluoro- substitution on the ring would dif-
ferentially modulate the interaction be-
tween retigabine and G301. Although our
results do not test directly our assump-
tion, and therefore additional studies are
needed for identifying the underlying
mechanism by which SF0034 is more po-
tent and specific than retigabine, our ap-
proach generated a unique retigabine
analog with improved potency and selec-
tivity. We therefore propose that SF0034
could act as a foundation for developing
new compounds with even higher po-
tency and selectivity among KCNQ
channels.

New KCNQ channel activators as
potential therapeutics for
hyperexcitability-related disorders
Due to its more potent effect on
KCNQ2/3 channels (Figs. 2, 5, 6), SF0034
is more effective at a lower dose than reti-
gabine in preventing seizures (Fig. 7). In
addition, SF0034 displays reduced affinity
for the channels associated with toxic side
effects, such as KCNQ4 and KCNQ5 (Fig.
4). The lack of effect of SF0034 on KCNQ4
channels at near resting membrane po-
tentials is unique among KCNQ channel
activators. KCNQ4 is the primary potas-
sium channel in the smooth muscle of the
bladder, where it serves to regulate con-
tractility (Jentsch, 2000; Greenwood and
Ohya, 2009). Activation of KCNQ4 leads
to membrane hyperpolarization and a re-

Figure 8. SF0034 prevents the development of tinnitus. A, Diagram illustrating the gap detection protocol. Gray trace (a1): a
startle stimulus preceded by a constant background sound; red trace (a2): a startle stimulus preceded by a constant background
sound containing a brief gap. a3 and a4 are representative raw traces of startle responses in control (a3) and tinnitus (a4) animals
elicited by the gap detection protocol. Introduction of a brief gap in the constant background sound results in a robust inhibition of
startle reflex in a control mouse (a3, red) and thus lower gap–startle ratios (response to gap and startle stimulus/response to startle
stimulus alone). However, when noise-exposed animals experience tinnitus at or near the frequency of the background sound,
they have difficulty in detecting the gap, resulting in less inhibition of startle reflex in response to startle stimulus (a4, red) and
higher gap–startle ratios. B, Percentage of mice that develop tinnitus (noise exposed � 0.5% methycellulose, n � 17; noise-
exposed � SF0034, n � 17; Sham � 0.5% methycellulose, n � 10; sham � SF0034, n � 10). C, Diagram illustrating the PPI
protocol. Representative raw startle responses elicited by a startle stimulus (c1) or by a startle stimulus preceded by a brief
nonstartling stimulus (c2) in control (c3) and tinnitus (c4) animals. D, Summary of PPI startle ratio (response to prepulse and startle
stimulus/response to startle stimulus alone) for high-frequency sounds (20 –32 kHz) (PPI startle ratio, noise exposed � 0.5%
methycellulose, n � 17; noise-exposed � SF0034, n � 17; sham � 0.5% methycellulose, n � 10; sham � SF0034, n � 10). E,
Representative raw traces of ABR in response to 20 kHz tone presented at different intensities (dB). I–V represent the different
waves of the ABR. F, Summary of ABR thresholds for high-frequency sounds (20 –32 kHz) (noise exposed � 0.5% methycellulose,
n � 17; noise-exposed � SF0034, n � 17; Sham � 0.5% methycellulose, n � 10; sham � SF0034, n � 10). *p � 0.05. Error
bars indicate � SEM. *p � 0.05.
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sultant loss of contractile function, a possible etiology for the
urinary retention side effect of retigabine. Moreover, a form of
dominant deafness arises from impaired function of KCNQ4
(Kharkovets et al., 2000), so nonspecific opening of these chan-
nels may have unwanted side effects on hearing. In addition to
expression in the CNS, KCNQ4 and KCNQ5 are also found in
skeletal muscle (Jentsch, 2000; Iannotti et al., 2010; Iannotti et al.,
2013). Given the lack of effect of SF0034 on either KCNQ4 or
KCNQ5 channels, SF0034 is not expected to have any unwanted
effects in skeletal muscle. In conclusion, we propose that the
combination of increased potency and selectivity of SF0034 may
overcome the toxicity associated with retigabine, which has re-
sulted in severe restrictions on its use.

Although the mechanism by which retigabine generates tox-
icity to the skin and retina remains unknown, these toxicities
occur in organs that are exposed to light and UV radiation. Ele-
vated exposure to UV radiation by causing photodegradation and
oxidation of retigabine’s aniline ring may lead to the formation of
highly colored compounds in the skin and eyes. Such forma-
tion may provide a mechanism for the observed toxicities. The
incorporation of an electron-withdrawing fluorine substitu-
ent on the aniline ring of retigabine is expected to reduce the
oxidation potential, thus making SF0034 potentially less
prone to photodegradation and potentially less toxic to the eye
and to the skin.

SF0034 may also be a potential clinical candidate for patients
with KCNQ2 encephalopathy. KCNQ2 potassium channels have
recently emerged as crucial regulators of neuronal excitability in
the neonatal brain. Mutations in the KCNQ2 gene lead to multi-
ple severe pediatric epilepsy disorders including neonatal and
infantile epileptic encephalopathy (Weckhuysen et al., 2012; Kato
et al., 2013; Weckhuysen et al., 2013; Numis et al., 2014). Because
KCNQ2 encephalopathy affects only one copy of the KCNQ2
gene (Kato et al., 2013; Miceli et al., 2013), it has been suggested
that retigabine administration, by activating the nonmutated
KCNQ2/3 channels, may have beneficial effects in KCNQ2 en-
cephalopathy patients. We propose that SF0034, which mini-
mizes the off-target toxicity associated with retigabine, may be a
more appropriate treatment for patients with KCNQ2 encepha-
lopathy, particularly children.

Because noise-induced reduction in KCNQ2/3 channels is as-
sociated with the induction of tinnitus and retigabine prevents
the development of tinnitus in a mouse model (Li et al., 2013), we
propose that SF0034 is a potential clinical candidate for the treat-
ment of tinnitus. Tinnitus is the sound perception in the absence
of an acoustic event and is experienced by up to 15% of the
general population (Shargorodsky et al., 2010). Of the 40 million
in the United States with tinnitus, 	10 million seek medical at-
tention (Seidman and Jacobson, 1996) and 2.5 million of these
are considered disabled by tinnitus due to its persistence and
intensity. Despite an even higher prevalence of tinnitus in recent
demographics, including recent war veterans and the increasing
aging population (Yankaskas, 2013), there is no generally ac-
cepted treatment or cure. Although tinnitus can be incapacitating
for many sufferers, in most cases, it is not life threatening and
therefore it would not be clinically appropriate to use retigabine
with such an extensive toxicity profile. For patients with incapac-
itating tinnitus, the acceptable degree of toxicity/side effects must
be considered relative to the degree of symptoms. Many patients
with incapacitating tinnitus have been treated off-label with car-
bamazepine (which has a risk of cardiac arrhythmia, double vi-
sion, and aplastic anemia) and tricyclic antidepressants such as
nortriptyline or amitryptiline (with side effects including seda-

tion, blurred vision, mania, and arrhythmia). Invasive treatments
such as auditory cortical stimulation (Friedland et al., 2007),
which involve surgical implantation of an epidural electrode,
have been explored for severe tinnitus. In light of the risks asso-
ciated with these alternative treatments, we propose that SF0034,
which shows an improved efficacy and safety profile, has the
potential to be an effective clinical option for patients with mild
or severe (incapacitating) tinnitus.
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